Influenza and related viruses were studied by a new method in which virus is adsorbed on the membranes of laked fowl red cells for examination in the electron microscope. The numbers of virus particles adsorbed per unit area of red-cell membrane were estimated from direct counts in micrographs of palladium-shadowed and unshadowed specimens. There was a definite saturation level of adsorption for each strain of virus, the value varying also according to the particular batch of cells and their age after storage at 0". For subsaturation conditions the number of particles adsorbed was proportional to the concentration of virus and the concentration of cells, and a function both of time of contact and temperature. The relationships were complicated by the fact that elution began before adsorption was complete.
The red-cell agglutination first described by Hirst (1941 Hirst ( , 1942 and McClelland & Hare (1941) for influenza virus and fowl erythrocytes has proved of great value as a basis for the assay of influenza and related viruses. Attempts to elucidate the process of this agglutination have given some information on the mechanism of attack of a virus on a susceptible cell, particularly on the initial phases of adsorption and penetration. An excellent survey of the lines of approach so far taken in this vital problem has been recently given by Burnet (1948) . Our own interest in this field developcd during investigations of the physical properties of the influenza, Newcastle disease, fowl plague and mumps group of viruses (Elford, Chu, Dawson, Dudgeon, Fulton & Smiles, 1948) , where the haemagglutination test was extensively applied, and it was thought that the process would be more clearly understood if dircct optical evidence of the mechanism were obtained. The sizes of the viruses, 70-150 mp, lie on both sides of the limit of resolution of the ultra-violet light microscope. I n some ultra-violet micrographs of the virus of Newcastle disease, taken in collaboration with our colleagues, Mr J. Smiles and Mr F. W. Welch, some adsorbed bodies were demonstrable in 0 -l p optical sections taken through the cell; but the limitations of the method were such that no convincing evidence was forthcoming. The electron microscope appeared to be the obvious tool for the study, the resolution being more than adequate; and the sole requirement for its use being a suitable method of preparing the specimen.
We were interested in the haemagglutination phenomenon for another reason.
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In our early electron microscope studies of the morphology of the viruses of this group we had to examine material which had been purified by prolonged centrifugation at high speeds. The effects of such strong gravitational fields on virus morphology were quite unknown, but it was suspected that a considerable amount of distortion could take place. Although we had a reasonably good correlation between infectivity and the numbers of particles seen on the micrograph, we were uncertain whether all the material was virus, or whether in fact it had contained associated material in the same size range as the virus. This was particularly the case with Newcastle-disease virus, where purified preparations showed particles of similar size but of widely differing structure. The variability of Newcastle-disease virus preparations has been noted by other workers (Cunha, Weil, Beard, Taylor, Sharp & Beard, 1947; Bang, 1946 Bang, , 1047 Bang, , 1948 . There is another objection to the isolation of viruses by centrifugation; it yields a limited range of particle sizes for study. Successful isolation depends on the ability to select particles of a given size range from materials of a wide range of size and density. The technique may have serious limitations when evidence of the mode of virus multiplication is required. Were the process one of simple binary fission the narrow range of size of the particles isolated would be sufficient to contain all the relevant virus particles, and the loss of larger particles during centrifugation would be immaterial. There is, however, no real reason to suppose that this is the case. Should the multiplication be characterized by forms greatly above or below the modal size then losses during centrifugation may well be responsible for our failure to detect essential links in the chain of development. Adsorption to red cells, on the other hand, seemed ideal for our purpose, being presumably independent of size and density of the particles, the two properties predominantly made use of in previous methods of purification. The intact red cell is too thick for electron microscopy by ordinary transmission methods; and examination of its surface structure by the replica technique is beset by as yet unsolved difficulties. However, Wolpers (1941) has shown that the ghosts of human erythrocytes lysed osmotically can be successfully photographed in the electron microscope, with or without fixation by osmic acid. Likewise, Dawson & McFarlane (unpublished) found the laked avian erythrocyte to possess ideal thickness and contrast properties for electron microscopy. For qxample, in the photograph of a shadowcast preparation in P1. 1, fig. 1 the folds and also a considerable degree of fine structure in the membrane are well shown. The membrane is approximately 6 mp thick and is therefore quite thin enough t o act as a support for virus particles in transmission, as distinct from replica, studies of virus adsorption. Influenza virus adsorbed on such laked cell membranes gave a clear picture of the virus bodies (Dawson & Elford, 1949) , and we have now made similar studies of all the viruses in this group. During the course of the work Heinmets (1948) published some micrographs of purified influenza virus adsorbed on the avian and human erythrocytes. He was concerned solely to demonstrate the adsorption and examined only purified virus material; no data on the quantitative aspects of the adsorption phenomenon were reported.
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METHODS AND MATERIALS
Fowl red cells were haemolysed with saponin according to the method of Dounce & Lan (1943) and the laked cells washed thoroughly with 0.9 yo saline 31/33 phosphate p H 6.7. After a given period of contact with virus a t 0" the cells were centrifuged and the deposit, resuspended in 0 . 9 % saline, fixed in 0.1 yo osmic acid and washed with distilled water several times by spinning a t 500 r.p.m. for 5 min. and discarding the supernatant fluid. The cells were then mounted directly from the distilled water suspension .on ordinary electron microscope disks with supporting collodion film. As the suspension settles on the film the concentration of cells is checked under the optical microscope, and adjusted by pipetting off the excess suspension or adding more of the original material until there are about six cells deposited in each field of 0.01 mm.2. The specimen is then examined by direct transmission or after shadow-casting with gold or palladium. Where the laked cells are in high concentration there is considerable folding of the membrane during the drying. For count,s of particles on the membrane it is always possible by careful mounting to obtain flat uniform fields with minimum folding. The area to which the count relates is measured on the photographic plate by a planimeter and the number of virus particles per square micron (p2) of the cell surface determined.
Strains of viruses. been passaged in lo-day eggs and harvested on the twelfth day.
RESULTS
The adsorption of injuenza viruses
Influenza virus was readily adsorbed from the unpurified allantoic or amniotic fluid of infected hens' eggs. P1. 2, fig. 3 and PI. 4, fig. 9 , show cell membranes on which influenza B virus has been adsorbed, and P1. 1, fig. 2 and PI. 4, fig. 8 the corresponding micrographs of influenza A. The virus particles occur singly . and in groups in the membrane surface and are not distributed in any obvious pattern. There is very little interference caused by adsorbed non-viral allantoic material, which is relatively small both in size and quantity. No particles of the size and shape of influenza virus were seen on cells exposed to allantoic fluid from normal eggs; and chemical analysis for protein confirmed that the amount of adsorbed material was small. With concentrated preparations of influenza virus it was possible to pack the surface of the membrane with virus particles as illustrated in P1.2, fig. 4 . The packing arrangement gives no obvious indication of any geometric pattern of receptor groups on the membrane surface. Admittedly the arrangement is complicated by the fact that we observe simultaneously the particles which lie on the upper surface of the specimen and also those underneath, which are covered by two thicknesses of cell membrane. The results do indicate, however, that adsorption is the outcome of a direct interaction between each virus particle and the cell membrane, and is not a process whereby the initial adsorption of a few virus particles provides foci for the aggregation of more virus particles in that area; that is, a process analogous to ordinary chemical crystallization. Virus adsorbed at 0 ' may be eluted by incubating at 37". Such eluted virus can be readsorbed on to fresh membranes. Chemical analysis and the examination of a series of micrographs both show that there is less associated non-viral protein on the cell membrane after adsorption of eluted virus. Influenza virus inactivated for 30 niin. at 56" is readily adsorbed, but cannot subsequently be eluted by incubation; this confirms the findings of Hirst (1942) . There were no morphological difl'erences between influenza A virus particles adsorbed directly from allantoic fluid, or after heat-inactivation ; or readsorbed after elution.
Virus was adsorbed on to intact red cells which were then haemolysed with saponin. The membranes were quite free of virus; in the laking process the virus had apparently been eluted. This result emphasized the need of very thorough washing of the laked cells in order to remove traces of saponin which could inhibit subsequent adsorption. Influenza virus was successfully adsorbed in the range of maximum stability, pH 5.5-7.6. We found that both virus and cells could be stored at 0 ' for several weeks without serious deterioration, as judged from subsequent micrographs.
The adsorption of the ciruses of Newcastle disease, fowl plague and mumps
Our earlier studies of these viruses were made with centrifugally purified preparations. Elementary particles of the virus of fowl plague were relatively uniform in size and shape, but those of mumps and Newcastle-disease viruses were variable both in size and morphology. The correct interpretation of this apparent pleomorphism has hitherto been uncertain. Does it represent a variable virus structure, or is it largely induced by excessive manipulqtion of the virus during purification? Investigation of the effects of various electrolyte concentrations on the dispersion of Newcastledisease virus by Bang (1947 Bang ( , 1948 and our own observations on purified
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concentrates of the virus led to the conclusion that much of the variability in form was due to deleterious treatment of the virus. The lakedcell adsorption technique gives further evidence. The mean sizes of all the viruses in the group (Table 1) and the scatter of the sizes (Fig. 1) were determined. In each instance 200 virus particles were measured from micrographs of unshadowed specimens. When particles were oval in outline the larger fig. 7 ) and Newcastle-disease (Pl. 3, fig. 6 ) viruses there is indeed a rather wide variation in the size of adsorbed particles. Munips virus dries very flat on the membrane with an overall size range, 100-260 m p , and a mean of 179 & 28 mp (Fig. 1) . Newcastle-disease virus dried in a variable manner. Sometimes the shadowed image indicated a round flat body and a t others an ovoid shape. The range of particle size was 140-270mp with the mean 193 & 28 mp.
The whole question of morphological variation among viruses must clearly be reconsidered in the light of the striking micrographs of fowl-plague and influenza U viruses directly adsorbed from freshly harvested allantoic fluid. In addition to the normal round bodies of fowl-plague virus 101 & 16 mp in diameter (Pl. 3, fig. 5 ) , there are filaments up to 6 p in. length and averaging 80 inp in width, which in some instances are terminated by a spherical mass 100 mp in diameter. These filaments would be lost during filtration and spinning and we have been able to detect them only by the adsorption method. P1. 2, fig. 3 and P1. 4, fig. 10 show the analogous but rather less-striking result with influenza B virus. Long forms in influenza-infected allantoic fluid have already been reported by Mosley & Wyckoff (1946) present no such filamentous structures have been encountered in normal allantoic fluid and they are not associated in any way with the original red-cell preparation. The fact that long forms are, like the round particles, adsorbed to the red cell suggests that both have a similar surface structure. Furthermore, these long forms are not a feature only of aged and partially degenerated virus, since all our observations were made on fresh material. We have also succeeded in eluting both long and round forms from adsorbed heat-treated fowl-plague virus, as happens with influenza virus, by treatment with specific antiserum. This constitutes additional evidence of a similarity in the surface structure of the round and long forms.
The factors injuencing adsorption Virus concentration. A constant number of laked red cells was added to a given volume of each of three suspensions of influenza virus a t different concentrations. After 15 min. contact at 0" the cells were centrifuged and the virus adsorbed on the membranes counted. Table 2 gives the results of such an experiment with influenza B virus (see also P1. 4, figs. 9-11).
Clearly the specific adsorption is directly proportional to the concentration of virus for the prevailing conditions, and this relationship can be expected to hold so long as the ratio [cells] to [virus] is such that full saturation of the membrane surface is not approached.
Cell concentration. The results with a wider range of cell and virus concentrations are given in Table 3 , which records experiments all done with one batch of red cells. With the concentrated virus, prepared by adsorption from allantoic fluid on to laked cells a t O', followed by elution at 37' in a reduced Table 3 , Exps. 5 and 7). The increase was even more pronounced when the heattreated virus was adsorbed a t 37' (Exp. 8 ) . We have already noted that heated virus is not readily eluted; so that the dynamics of its adsorption differ from those of normal virus. Since the time of contact between virus and cells in our experiments was constant throughout, the results indicate that in the absence of spontaneous elution the rate of adsorption increases with increase in temperature. The improved adsorption of heat-treated virus was also manifest when three successive amounts of virus were adsorbed on the same cells (Table 4) .
There is clearly an increment in the number of particles adsorbed for each successive treatment in subsaturation conditions. Similar experiments with normal fresh virus gave rather inconsistent figures. I n some cases there was no apparent increase in the count of adsorbed virus, and in others there was a slight rise. The complicating factor of spontaneous elution superimposed on the effect of different [virus] : [cells] ratios probably accounted for the variable results, and their evaluation would demand far more extensive studies. [Virus] ; haemagglutinin titre 1600 initially, 800 after heating.
[Cells] = 3 x 106/ml. Contact = 15 min. a t 0'. The eflect of temperature. The effect of temperature on the degree of adsorption of normal influenza B virus from allantoic fluid was also investigated (Table 5) .
The figures are consistent with the view that there are two opposing processes with positive though different temperature coefficients. The rate of elution a t 0" is relatively small; it increases much more rapidly with temperature than does the'rate of adsorption, appearing to overtake it in the region of 20°, where the number of particles remaining adsorbed after 15 min. is maximum.
The injuence of time; the adsorption isotherm. Mixtures of virus and laked cells, kept at 0" with periodic shaking, were sampled a t intervals and the adsorption curves for each of the viruses was determined for periods up to 2 hr. In some instances preliminary observations on the rate of elution were made.
(i) Injluenxa virus. Our preliminary results with two strains of influenza virus confirmed the findings of Hirst (1942) . The curves for influenza A and influenza B are given in Fig. 2a . The rate of adsorption of the B strain was such that no significant increase in virus concentrations on the cell membrane was noted after 5 min. With the A strain, on the other hand, adsorption did not approach completion until after 100 min. 
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(ii) Fowl-plague virus. The particle count/unit area of membrane reached a steady high value after 10 min., suggesting that saturation had been reached for the prevailing conditions (Fig. 2 b ) . Mi nu tes Fig. 2 ( a ) . The adsorption isotherm for influenza virus strains A and B.
(iii) Newcastle-disease virus. The adsorption in this case was a maximum after 60 min. and then decreased to the extent of nearly 50 yo during the nest hour (Fig. 2 b ) .
(iv) &lumps virus. Our obscrvations for mumps virus indicate that here, too, the adsorption is slow. The adsorption curves are for freshly harvested unheated virus, and therefore portray the combined effect of adsorption and elution at 0". The form of the curve for Newcastle-disease virus suggests that the rate of elution is in this case appreciable even a t this low temperature. Elution of virus. Our observations on the elution of the individual viruses indicate that whereas influenza B virus is eluted to the extent of 90 yo or more in 1 hr. a t 37", Newcastle-disease and fowl-plague viruses are much more tenacious, 2 5 % still remaining on the membrane after 1 hr. Accepting the current view that elution is determined by enzymic action as a result of which the receptor linkage is destroyed, we can explain these findings by assuming that a proportion of the virus particles are without enzyme, or, that the enzyme varies in its specificity and stability from virus to virus. A further point arising from our elution experiments concerns the appearance of the membrane after the elution of virus. No alteration could be detected. We conclude that the receptor groups are relatively small elements in discrete areas of the cell membrane.
DISCUSSION
The adsorption method of preparing viruses for electron microscopy has three outstanding advantages.
(1) It is simple and saves much time and effort in preparing specimens. Viruses that ordinarily require 2-3 hr. high speed centrifugation for their sedimentation, can, when adsorbed on the red-cell membranes, be deposited in 5min. at low speeds. The specimens may thus be quickly washed several times and mounted without any harsh treatment. (2) The specificity of the adsorption means that viruses, in freshly harvested infected fluids, are quickly freed from protein and other products. The possibility thus afforded of examining the virus at quite short intervals after the initiation of infection is being exploited in the hope of obtaining new evidence of the morphology of viruses during the most active phase of multiplication.
(3) Direct counts of the virus particles actually adsorbed on the membranes can be used to explore certain cell-virus relationships under varied conditions. The virus is well distributed on the membranes and there is no tendency to the aggregation that frequently mars preparations made by drying directly on a collodion film. The method is limited to viruses that can be adsorbed on the red-cell membrane. We are, however, studying the dissociated haemagglutinins, as obtained with vaccinia virus, with promising results. The structure of the membrane itself is also under investigation, and already some direct transmission micrographs of the osmic-acid fixed membrane have given evidence of a strongly electron-adsorbing material distributed in the form of a relatively open network within the membranes.
A full understanding of the interaction of laked red cell and virus demands more data concerning the spontaneous elution of virus, but the facts so far established clearly indicate the extent to which the net adsorption is dependent upon virus concentration, cell concentration, time and temperature. The membrane appears to possess a definite specific adsorption capacity. Hanig (1948) , working with PR8 influenza A and using haemagglutinin titres for deducing the adsorption on intact red cells, calculated that only l/80th of the surface was covered at saturation, the number of virus particles/cell being 298. The saturation level of adsorption in Exp. 1, Table 3 , with influenza B was 30 per ,u2 with a [cells] = 12 x 106/ml. The total surface area of a laked fowl red cell from electron micrographs is 1.8 x 10-6 sq.cm., and the average number of virus particles adsorbed/cell is calculated to be 5.4 x lo3. Therefore the total virus adsorbed from 1 ml. suspension was 6.5 x 1010, and this from the haemagglutination test represented 90-99 yo of the virus. Unfortunately, we had not determined the limiting infective dilution of this virus suspension. Clearly here is a means of determining the approximate number of virus particles/nil. We found it possible to pack considerably more particles on the surface by using a sufficiently concentrated suspension of virus, The lack of any geometric arrangement in such close packing suggests that the excess virus may be held non-specifically by aggregation rather than by attachment to residual receptor groups. Alternatively, the force of attraction between the receptors and virus might vary because the receptor groups are not all equally accessible; for example, they might be distributed in more than one plane.
A knowledge of the adsorption and elution curves for the viruses is essential for devising optimum conditions of purification. We have already pointed out the advantages of using laked cell suspensions instead of intact red cells (Elford  et a,?. 1948) . Furthermore, the data of adsorption and elution may form a useful basis for characterizing viruses within the group; even strains of influenza viruses A and B behave quite differently.
The observations that will probably arouse great interest are those revealing the long forms associated with fowl-plague and influenza B viruses. The existence of the filamentous forms does not alter the fact that the round elementary particle is the morphological unit, capable, when injected into the host, of multiplying and giving rise to the typical symptoms of the particular disease. It would be premature to regard these long forms as being a phase in virus multiplication, but their close association with the elementary virus bodies in freshly harvested infective fluids and the similarity of their surfaces with regard to combination with red cells or antibody are suggestive. Inspection of the lower membrane in P1. 2, fig. 3 reveals both circular bodies of influenza B virus, 100 mp in diameter, and rod-like forms up to 750 m,u long. We are trying to determine whether or not these rods represent a stage in the development of the still larger forms up to 2,u long that are occasionally seen.
The ratio of the sizes of the largest to the smallest forms of the elementary virus bodies is much the same for all members of this group, namely 2 to 2-5: 1. The scatter of sizes is characteristic for each virus preparation studied. Thus with the viruses of influenza A and B and of fowl plague (Fig. 1) there is a definite peak at the mean-size value, whereas with Newcastle-disease virus and particularly with mumps virus the distribution is more even. It is instructive to consider the general character of the dried virus particle on the membrane. The elementary bodies of influenza A and B yielded sharply defined images with appreciable shadows indicating a height:base ratio ( h : b ) of the order 0.25 and 0.3 respectively; and for fowl-plague virus a ratio of c. 0.25. Newcastle-disease virus was more variable, with a greater proportion of flattened types, the h : b being c. 0.125-0-2. Mumps virus appeared as a flat circular body with an h : b of c. 0.1. The distribution of sizes and the structure and mode of drying of the virus particle are clearly related. Information is needed about the manner in which a particle dries in relation to its structure, density, surface properties, interfacial tension with the supporting surface, and to the medium and conditions of drying. That dried virus particles may yield vastly different images according to their previous treatment is especially clear from our studies of Newcastle-disease and mumps virus purified by four to six centrifugal washings in dilute electrolyte and then mounted and dried on collodion film. The elementary bodies of mumps virus had a mean size 140 & 30 mp with an h: b of c. 0-3. The disparity between this and our present figure is doubtless due to factors modifying the process of drying.
Our Bang, 1946 Bang, , 1947 Bang, , 1948 ), but our latest observations support our earlier views of the morphology of the virus . We found none of the gross pleomorphism evident in micrographs of centrifuged concentrates of the virus. Our data for mumps virus agree well with those of Weil, Beard, Sharp & Beard (1948) for the same strain. To our knowledge no electron-microscope studies on fowl-plague virus, other than our own, have as yet been published and the value 101 & 16 mp for the mean size of this virus adsorbed on the red-cell membrane accords well with the value 83 & 15 m,u we obtained earlier from measurements on purified virus. The investigation of these viruses by the new technique has generally substantiated the conclusions reached in earlier work and greatly clarifies the morphology of these viruses. At the same time it has confirmed the existence of filamentous forms of influenza B virus and demonstrated for the first time similar structure in preparations of fowl-plague virus.
The purified preparations of Newcastle-disease, fowl-plague and mumps viruses examined in our earlier work, we are now convinced, consisted essentially of virus without any large proportion of associated material. Nevertheless, in some instances they may not have been representative of the virus in its original state, in that certain filamentous structures were inadvertently discarded during the purification. oval white body to the right of the field. The cell membrane is folded.
The virus particles appear as small disks on the membrane surface. PLATE 2 Fig. 3 . Transmission micrograph of laked fowl erythrocytes with adsorbed influenza 13 virus. Fig. 4 . Laked fowl erythrocyte with a high concentration of adsorbed influenza I3 virus t o illustrate the random arrangement of virus on close packing. Preparation shadowcast with palladium. PLATE 3 Fig. 5 . Laked fowl erythrocyte with adsorbed fowl-plague virus, showing the round elementary bodies and associated long forms. Preparation shadowcast with palladium. Fig. 6 . Laked fowl erythrocyte with adsorbed virus of Sewcastle disease. Preparation shadowcast with palladium. Fig. 7 . Laked fowl erythrocyte with adsorbed mumps virus. Preparation shadowcast with palladium. PLATE 4 Fig. 8 . Transmission micrograph of laked fowl erythrocyte with adsorbed influenza A (PR 8) virus. Figs. 9, 10 and 11. Laked fowl erythrocyte membranes with successive 1/10 dilutions of influenza B virus adsorbed on the membrane. Pig. 10 shows two of the characteristic long forms associated with influenza B virus. These forms are readily distinguishable from folds in the cell membrane also visible in this micrograph. All preparations shadowcast with palladium.
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